ABSTRACT
INTRODUCTION
Waste poses a major problem for modern societies as the amount of waste is rising and the complexity of some products and components is increasing. According to Eurostat data, the total waste generation in the European Union (EU) amounted to 2.5 billion tons in 2010, an average of 4,986 kg per EU inhabitant. In 2010, 40% of waste went into landfills, 2% was incinerated, 10% went into backfilling, 4% was energy recovery, 38% was otherwise recycled and recovered, and 6% accounted for other disposal [1] . Figure 1 shows the increasing volume of waste generation in the EU in contrast with the shortage of final landfill, which has caused serious concern about the waste generation problem all over the world. Waste collection is a relevant activity in reverse logistics, and vehicle routing problem for this specific activity is an interesting area to be analyzed since it contributes to a more efficient reverse logistics system. There are some different approaches for take-back systems. For instance, individual models or collective systems [3] . Extended Producer Responsibility (EPR) is an environmental policy approach adopted by many EU Directives, where the manufacturer is responsible for the proper disposal of the products they sell. The European Environment Agency proposed collection targets for different municipal solid waste, such as: end-of-life vehicles; waste of electrical and electronic equipment; batteries; and end-of-life tyres. Some authors analyzed different case studies that illustrated the implementation of these Directives and collection targets in different countries. For instance, the impact of emerging environmental regulations in the reverse logistics system for portable batteries in Spain was analyzed by Ponce-Cueto et al. [4] . Mayers et al. studied the possible environmental effects of the WEEE Directive on an example of printer recycling in the United Kingdom [5] .
This paper analyzes different solutions and methods for collecting waste. While the objective of a classical Vehicle Routing Problem is to minimize the total route cost, other objectives could be considered and analyzed. Indeed, here are several variations of the Vehicle Routing Problem, for instance with the goal of finding optimal routes for a fleet of vehicles to visit the pick-up and drop-off locations, of those that include capacitation constraints. In addition, other aspects (such as: the model of Node Routing Problems and Arc Routing problems used to represent WCVRP) are also considered and analyzed in this paper. This paper attempts to serve as a roadmap of research literature produced in the field of WCVRP for both academics and practitioners. Finally, further research topics are also identified in order to be studied as future developments.
The remainder of this paper is organized as follows. The methodology for this study is illustrated in Section 2, while Section 3 includes a categorization of the papers reviewed based on three types of waste collection. In Section 4, an overview of research approaches used in different models of WCVRP is provided. Finally, conclusions and future research lines are presented in Section 5.
mETHODOlOgY
A literature review analysis and key findings identification on WCVRP is conducted in this paper. A total of 65 articles have been reviewed in this research study.
The articles searched focused on academic journals, retrieved from the following databases: Emerald; Elsevier; Wiley; Springer; Ebsco; Scopus; and Metapress. Initially, Web of Science was used to find articles dealing with different aspects of WCVRP.
For the literature search, key words such as "Vehicle Routing Problem", "waste collection", "trash collection", "rubbish collection", "refuse collection", "junk collection" and "garbage collection" were used. The full text of each article was reviewed in order to eliminate those articles that were not really related to WCVRP. As a result of this analysis, 35 articles were selected as relevant for the analysis.
Finally, the reference sections of relevant articles in the topic were scanned for additional citations; this yielded 30 other articles. By these procedures, a total of 42 journals and 65 articles were selected for this research study. Figure 2 shows the number of papers related to WCVRP that have been published since 1974. It can be noticed that for the last 40 years the academic papers about WCVRP are quite limited. The list of references includes all the articles selected and analyzed in this paper.
lITERaTURE REvIEW aND WCvRP ClassIFICaTION
Waste collection is an important process of waste management. [6] ).
Waste collection is the part of the process in charge of taking-back wastes (solid waste and recyclables) from the collection point to the disposal facility (it could be a recycling plant, an energy recovery facility or a landfill). Typically, waste collection system (collection and transportation) involves a very high operational cost. Some researchers have been trying to shorten the routing distance (Beltrami and Bodin (1974) [7] ; Ronen and Kellerman (1983) [8] [25] ). Other authors focus on finding the most appropriate location for collection bins and dis- [34] ), and other studies focus on minimizing the number of collection vehicles needed for the takeback system (Clark and Gillean (1975) [35] ; Aringhieri et al. (2004) [36] ; Arribas et al. (2009) [37] ).
In the waste collection problem, organizations need to take back wastes from the collection point and send them to the treatment facilities. In this problem, typically many collection points need to be collected in order to be sent to the appropriate facility (typically just one destination). This is a reverse logistics problem, where many points need to be collected with only just one delivery point (vs. deliveries from one point to many destinations in the forward logistics problem).
Some sources of complexity, such as little visibility (it is difficult to know in advance the filling speed of containers), time window constraints, real-time requirements, a mix of public and private firms and actors are involved in the collection process (and sometimes inter-municipal cooperation is also needed), can be identified as sources of complexity when companies tackle the waste collection problem. For instance, instead of heading back to the depot to discharge the collected goods, in a waste collection problem vehicles need to be emptied at a disposal facility in advance, then continue to collect waste from other customers. Thus, multiple trips to the disposal facility occur, as the vehicles have to return to the depot with zero waste. If more than one disposal facility is involved in the reverse logistics system, the waste collection problem will become more complex. For example, in order to minimize the total distance, the right time to empty the vehicles as well as to choose the best disposal facility should be determined. It may not be optimal to only consider vehicles to become full before visiting a disposal facility [38] .
In essence, waste collection could be treated as a Vehicle Routing Problem (VRP) [39] . The Vehicle Routing Problem (VRP) introduced for the first time by Dantzig and Ramserl in 1959 [40] focused on forward deliveries (from a depot to "n" customers). The VRP definition is stated in the book "The Vehicle Routing Problem" as:
"M vehicles initially located at a depot are to deliver discrete quantities of goods to n customers. Determining the optimal route used by a group of vehicles when serving a group of users represents a VRP problem" (Caric and Gold, 2008 [41] ).
A waste collection vehicle routing problem typically consists of a fleet of vehicles, stops, disposal facilities, a depot, and a number of collection bins or collection points. A vehicle starts and ends at the same depot. The complexity of this problem depends on different characteristics such as different types of vehicles, number of disposal facilities (single or multiple), various types of constraints, etc. [39] ; such as time interval or vehicle capacity referred to customer services, revealing the Vehicle Routing Problem with Time Windows (VRPTW) and the Capacitated Vehicle Routing Problem (CVRP), respectively. In the last fifty years numerous real-world problems have demanded widespread formulation that resulted in the VRP with backhauls, stochastic VRP, multiple depot VRP, split delivery VRP, periodic VRP, VRP with pickup and delivering, and many others [41] .
Golden et al. (2002) considered three main types of Vehicle Routing problems in the waste industry in the United States: residential, commercial, and industrial (roll-on-roll-off) [42] . Table 1 includes a comparison among these three types of Vehicle Routing problems for the waste industry, according to the type of waste, the type of bin for waste collection, the location of the point of collection and the type of vehicle routing problem considered.
In the following sections the papers analyzed are presented in these three categories of problems.
Residential waste collection
According to Golden et al. [42] residential collection involves the collection of household refuse along a street network. For this reason, it is solved as an arc routing problem. Kim et al. (2006) defined the residential waste collection as follows [43] :
The residential waste collection generally involves servicing private homes. The number of homes a residential route may service varies widely from 150 to 1,300 homes every day. The frequency of service per week will vary based on the climate, geography, competition and price of service.
The most relevant papers for household waste collection are included in Figure 3 .
Household waste is placed in front of the residences in garbage bags or small bins. The collection vehicles will gather all residential waste along the streets that have been assigned to them. Therefore, this problem is often solved by researchers as an arc routing problem where the exact location of every customer is not needed [38] . Naturally, household waste collection is described as an arc routing problem (ARP), as waste normally has to be collected from all the houses in a street.
Assad and Golden [44] in 1995 review the basic methodology about generic arc routing, and describe application areas of arc routing such as sanitation services and postal delivery operations. These areas of application problem solved by arc routing techniques are provided in this book. In the same year, Eiselt et al. [45, 46] write two papers (part I and part II) to review the algorithmic methods which are used to solve arc routing application problem -the postman problem. In the first half of part II of the paper on arc routing problem, the algorithmic results for the Chinese postman problem (CPP) are described; in the second half, the rural postman problem is considered and its relevant contents are stated. Eisenstein and Iyer (1997) [47] use a Markov decision process to provide a dynamic scheduling algorithm. Taking the garbage trucks in Chicago for example, Eisenstein and Iyer provide the flexible routes model to improve the trucks schedule, and the capacity of 12%-16% for a set of five pilot wards is reduced. In 2000, in the book named "Arc Routing: Theory, Solutions and Applications", edited by Dror [48] an exhaustive state-of-the-art for arc routing problems is included, and a number of relevant applications for arc routing theory for real-life problems is presented. Tung and Pinnoi (2000) [49] take urban districts of Hanoi in Vietnam as an example, and modify the Solomon's sequential insertion heuristic combining the phase of Or-opt and 2-opt together to construct a heuristic route procedure. Tung and Pinnoi solve a real world vehicle routing and scheduling problem constrained by multiple time windows and minimum inter-arrival times for each site as well as the limited vehicle capacity and operating hour with improvement in both total cost and the number of vehicles utilized. Faccio et al. [50] in 2011 introduce an innovative vehicle routing model with an application in an Italian city of about 100,000 inhabitants. The results show that the model brings economical and feasible improvement in terms of perishable food, integrating the presented real-time traceability data with the physical conditions of the transported items. In 2012 Bonomo et al. [51] proposed a method that uses operations research techniques to optimize the routes of waste collection vehicles servicing dumpster. They also analyzed the example of a residential waste collection in Buenos Aires. The application of the proposed method by Bonomo et al. saves more than US$200,000 per year with less negative impacts for Buenos Aires.
Commercial waste collection
According to Golden et al. [42] commercial waste collection involves collection of commercial refuse from large containers at commercial locations. These are considered as node routing problems. Kim et al. (2006) defined the commercial waste collection as follows [43] :
The Figure 4 includes the most relevant papers for commercial waste collection.
In 1996 some researchers started to investigate commercial waste collection vehicle routing problem. Kulcar [52] used an operations research method with systems engineering to study a set of points for the collection routes rather than the arcs making up the streets. Sahoo et al. (2005) [53] proposed a heuristic method using clustering methods and geographic information system (GIS). Their proposed method was applied to an actual waste collection company, which is the leading provider of comprehensive waste management services in North America, and has resulted in significantly reduced operational costs ( 
Roll-on-Roll-off waste collection
According to Golden et al. [42] roll-on-roll-off problems involve the pickup, transportation, unloading and drop-off of large trailers (or containers) typically located at construction sites. Kim et al. (2006) defined the roll-on-roll-off waste collection as follows [43] :
The
roll-on-roll-off collection introduces a different routing problem. The differentiator between roll-onroll-off and commercial is the size of the container. A typical commercial container is eight loose yards, while a roll-on-roll-off container may range from 20 to 40 loose yards and only one container may be serviced at a time. Note that 1 cubic yard is 0.765m
3 . 
While hauling these large containers, it is common for each container to be disposed of and returned to the original customer's location. Driver-experience level, vehicle types, container types, material types and security clearance are all contributing factors when creating industrial routes.
De Meulemeester et al.
Roll-on-Roll-off Waste Collection
Figure 5 -Relevant papers about Roll-on-Roll-off Waste Collection
H. Han, E. Ponce-Cueto: Waste Collection Vehicle Routing Problem: Literature Review effective by computational results using benchmark data. In the same year, Wy et al. [61] present a large neighbourhood search-based iterative heuristic approach consisting of several algorithms to solve rollon-roll-off waste collection vehicle routing problem with time windows.
lITERaTURE REvIEW sORTED bY mODEls OF WCvRP WITH RElEvaNT mETHODs aND TECHNIQUEs
Around forty years ago waste collection in the United States was implemented without considering optimizations, and the construction of the routes was left to the drivers. With the expected increase of urban population, the importance of an efficient collection system has been increasing. Optimally, there should be a method that tries to maximize the general acceptance of a solution. However, as this is hard to realize, different methods have been developed that focus on different goals like costs, number of collection vehicles, route length, and so on.
Essentially, the waste collection is a Vehicle Routing Problem (VRP). This means that a solution has to be sought after servicing a crowd of customers with a set of vehicles. In general, different methods can be applied to solve the vehicle routing problem: namely, classical heuristics and meta-heuristics [39] .
Papers analyzed in this article have been categorized based on two different models used to represent WCVRP: Node Routing Problems, and Arc Routing problems. In addition, the relevant method and techniques used to solve this problem have been also analyzed. Table 2 shows this classification (sorted by chronological criteria) which is displayed in the Appendix.
WCVRP problems can be divided into Node Routing Problems and Arc Routing problems. Node Routing Problems have demand on the nodes (or vertices) of a graph. An example of a Node Routing Problem might be a salesman who must travel to each town in a country. In the Arc Routing Problems the demand occurs in each of the arcs (or edges) of the graph. An example of an Arc Routing Problem might be a postman who must visit each house along each street in a town [90] . Table 3 shows more details about the differences between Node Routing Problems and Arc Routing problems.
Given a set of control points with associated scores besides the start and end points, the orienteering problem (OP) deals with finding a path from start point to end point in order to maximize the total score subject to a given distance budget, denoted by DMAX. It should be mentioned that the OP is equivalent to the Traveling Salesman Problem (TSP) when the time is relaxed and sufficient to cover all points [91] . As we know, the Traveling Salesman Problem is a subset selection version of Node Routing Problem, so the Orienteering Problem (OP) is also included as a Node Routing Problem. A brief description of each method shown in Figure 6 is provided below.
Table 3 -Differences between Node Routing Problems and Arc Routing problems

Classical Heuristics
A construction algorithm is an algorithm that decides a tour line according to some construction rules. Every time the heuristic chooses the closest node to the present node as the next customer to visit. It is a way to find close-to-optimal solutions [39] .
Two-phase methods can be divided into two types: cluster first-route second and route first-cluster second. Generally, if there are several tours with many customers on each route, clustering these customers into groups and then partitioning the tour will normally generate better results. If many tours have to be created, with several customers on each tour, it is more effective to partition tours first [7] .
Meta-heuristics
Glover and Kochenberger [92] define Meta-heuristics as: Solution methods that orchestrate an interaction between local improvement procedures and higher level strategies to create a process capable of escaping from local optima and performing a robust search of a solution space.
The metaheuristics that have been studied in the context of waste collection include local search heuristics, tabu search algorithms, genetic algorithms, simulated annealing and ant colony optimization [39] .
Tabu search heuristics explores regions in the unexplored search space using a standard local search procedure.
Genetic algorithms try to find potential solutions by mimicking natural evolution. The algorithm starts from a population of candidate solutions. By applying genetic operators, new solutions are created that inherit certain characteristics of their parents solutions. Finally, select the potential solutions among these candidate solutions [39] .
Ant colony optimization simulates the behaviour of ants in their search for food. When ants search for food, they produce a pheromone trail which is used by other ants to determine the short path. Eventually, the shortest path is established as the ants who return to the colony by this road will refresh the pheromone trail sooner than the ants who opted for a longer path. The same pheromone logic can be applied to solve waste collection routing problems [39] .
For the research work of metaheuristics, Gendreau et al. [93] provide a good source of references of metaheuristics for solving VRP and its extensions.
DIsCUssION
Since the end of the nineties, more and more researchers have noticed the importance of WCVRP, and the research contributions on this topic have increased. This paper has attempted to provide a roadmap about WCVRP literature with its limitations as well as some implications.
limitations
This paper focuses on solid wastes (organic and recyclables) collection. Other special wastes that also require to be collected in a selective way, such as lube oil wastes, lamp wastes, or battery wastes were out of scope of this paper and in consequence were not analyzed in this research study. The study could be extended to other wastes as well in the future.
Regarding the literature review analyzed, this research study focuses only on scientific papers retrieved from academic databases (such as web of knowledge, Scopus, Ebsco, and so on). Other alternative sources (such as newspapers, magazines, technical reports) were not included in this paper.
Implications
In reality, waste collection vehicle routing problem is generally more difficult to solve than a classic vehicle routing problem. On one hand, more constraints must be taken into consideration. On the other hand, lots of collection points need to be collected on the same route. Typically, different actors are involved in the process, and some authorizations would be needed for those companies that want to collect wastes. In conclusion, the level of complexity is higher. According to the literature reviewed in this paper, it can be observed that instead of optimization method, heuristic algorithms (such as Tabu search; Variable Neighbourhood Search; and Variable Neighbourhood Tabu Search) are more used to solve this problem. These heuristics methods provide good solutions (within reasonable computation time), although the method could not afford a guarantee of optimality.
VRP is an NP (non-deterministic polynomial) hard combinational optimization problem that can be properly solved only for small instances of waste collection. Although the heuristic approach does not guarantee optimality, it yields good results in practice, as heuristic solution solves WCVRP more quickly, providing a good solution instead of an optimal solution. In the last twenty years the meta-heuristics has appeared as the most promising orientation of research for the VRP family of problems [41] . Compared with classical heuristics, meta-heuristics carry out a more thorough search of the solution space, allowing inferior and sometimes infeasible moves, in addition to re-combining solutions to create new ones. As a result, meta-heuristics is capable of consistently producing high quality solutions, in spite of its greater computation time than early heuristics [94, 95] .
There are two WCVRP benchmark problems that are commonly used to test algorithms. One is a real life waste collection benchmark problem, such as the one provided by Kim et al. (2006) . It consists of ten test problems, involving up to 2,092 customers and 19 waste disposal facilities [43] .The second set of benchmark problems is a MDVRPI (multi-depot vehicle routing problem with inter-depot routes) benchmark set generated by Crevier et al. (2007) . It consists of ten test problems, involving up to 288 customers and seven depots [38] . Once any algorithms to solve WCVRP are proposed, these two benchmark problems are available for researchers to test these proposed methods.
Very few studies attempt to include the objective of reducing pollution in the waste collecting process. To our best knowledge, most papers focus on reducing operational costs and time when proposing some methods to solve WCVRP.
CONClUsION
Based on this literature review paper, current research on WCVRP focuses more on improving the efficiency of collection practices by minimization of distance, logistic costs and time. Some researchers are trying to reduce the cost by improving the routing of waste collection vehicles, other researchers are finding the most suitable location of disposal facilities and the location of collection waste bins as well as minimizing the number of vehicles used.
Some proposals for future studies are those that focus on examined opportunities to improve the efficiency of the collection system; such as modifying companies delivery schedules; optimizing the fleet of trucks; incorporating information related to traffic conditions into the WCVRP models in order to avoid generating traffic congestions. Data driven systems and new technologies are going to help and contribute in this way, since real data could be tracking and taking into account for making schedules.
From the literature review analyzed, it can also be concluded that there is a scarcity of papers that try to combine economic and environmental objectives. Environmental concern in modern societies is an important issue, especially in urban areas where waste generation is increasing with population growth. As a future development, the economic and environmental objectives should be combined when trying to solve WCVRP.
The minimization of CO 2 emission, for instance, will become increasingly important in the light of growing environmental regulations. The literature review with particular aspects, models of WCVRP with relevant method and techniques, makes it clear to understand that diverse methods are used to solve various models of WCVRP. This information can be applied as considerations when choosing from a number of methods to design routes with the purpose of minimizing CO 2 . The environmental aspects of WCVRP indicate that activities concerning the transport of waste stuffs are also an important part of the Green Logistics agenda, especially in urban areas where population is growing [96] . 
